We describe an approach to reduce the contact resistance at compositional conducting/semiconducting indium-zinc-oxide (IZO) homojunctions used for contacts in thin film transistors (TFTs). By introducing silver nanoparticles (Ag NPs) at the homojunction interface between the conducting IZO electrodes and the amorphous IZO channel, we reduce the specific contact resistance, obtained by transmission line model measurements, down to $10 À2 X cm 2 , $3 orders of magnitude lower than either NP-free homojunction contacts or solid Ag metal contacts. The resulting back-gated TFTs with Ag NP contacts exhibit good field effect mobility of $27 cm 2 /V s and an on/off ratio >10 Amorphous oxide semiconductors (AOS) based on the oxides of In, Zn, Ga, and Sn metals have found application as channel materials in thin film transistors (TFTs) used in flexible electronics and for next generation displays. Among the AOS materials, amorphous In 2 O 3 -10 wt. % ZnO (a-IZO) is a particularly attractive candidate material due to its high electron mobility ($15-50 cm 2 /VÁs), 1-5 room temperature processing, amorphous structure stability, 6 and isotropic etch characteristics. In addition, the electrical resistivity can be independently tuned from 1 Â 10 À4 X cm to 2 Â 10 1 X cm by controlling the oxygen content in the sputter gas during deposition. 7 For TFT applications, a-IZO channel material requires low carrier density, high electron mobility, and good Ohmic contact to the source/drain electrodes. A significant challenge to AOS technology is the identification of source/drain metals with minimum specific contact resistance (q C )-the resistance presented to uniform current flow across an interface of unit area between the metallization and semiconducting layers. We have reported 8 that the contact resistance of both Ti and conducting IZO channel contacts in functioning a-IZO TFTs is large (q C > 100 X cm 2 ) and is modulated by the application of gate voltage. One consequence of high contact resistance is the reduction of on-state current, which determines device performance figures of merit, including on/off ratio and switching speeds. Therefore, strategies to reduce contact resistance to a-IZO are critical to the realization of high performance a-IZO channel-based devices.
. We attribute the improved contact resistance to electric field concentration by the Ag NPs. Amorphous oxide semiconductors (AOS) based on the oxides of In, Zn, Ga, and Sn metals have found application as channel materials in thin film transistors (TFTs) used in flexible electronics and for next generation displays. Among the AOS materials, amorphous In 2 O 3 -10 wt. % ZnO (a-IZO) is a particularly attractive candidate material due to its high electron mobility ($15-50 cm 2 /VÁs), [1] [2] [3] [4] [5] room temperature processing, amorphous structure stability, 6 and isotropic etch characteristics. In addition, the electrical resistivity can be independently tuned from 1 Â 10 À4 X cm to 2 Â 10 1 X cm by controlling the oxygen content in the sputter gas during deposition. 7 For TFT applications, a-IZO channel material requires low carrier density, high electron mobility, and good Ohmic contact to the source/drain electrodes. A significant challenge to AOS technology is the identification of source/drain metals with minimum specific contact resistance (q C )-the resistance presented to uniform current flow across an interface of unit area between the metallization and semiconducting layers. We have reported 8 that the contact resistance of both Ti and conducting IZO channel contacts in functioning a-IZO TFTs is large (q C > 100 X cm 2 ) and is modulated by the application of gate voltage. One consequence of high contact resistance is the reduction of on-state current, which determines device performance figures of merit, including on/off ratio and switching speeds. Therefore, strategies to reduce contact resistance to a-IZO are critical to the realization of high performance a-IZO channel-based devices.
It has been suggested 9,10 that thin films embedded with nano-scale wires and particles have strikingly different properties from that of pure thin films due to the size effect. For instance, TFTs with Ag NPs embedded in the ZnO/SiO 2 interface exhibit a large clockwise hysteresis (I D -V G ) 11 and a-SiN x :O thin films with Ag NPs inserted between the aSiN x :O and Si produce highly efficient blue light emission. 12 The introduction of nanoparticles at a high specific resistance metal/semiconductor interface increases surface area and locally enhances the electric fields, thereby reducing contact resistance. Nanoparticles of Ag were chosen for this work because Ag is thermodynamically stable on IZO 13 and because procedures for fabricating uniform NPs from blanket deposits of Ag have been demonstrated 12 at relatively low temperature (300 C). In this work, we explored the effect of interfacial Ag NPs on the specific contact resistance of conducting/semiconducting a-IZO homojunctions and demonstrate that a reduction in contact resistance yields improved TFT device performance. Integrated TFT/TLM-patterned a-IZO structures were fabricated without Ag and with Ag NPs at the interface. The Ag nanoparticle structure is presented schematically in Fig. 1 . In this structure, six identical 400 Â 2000 lm electrodes are spaced at 5 different separations d ranging from 200 lm to 1000 lm in 200 lm steps. Each electrode pair also serves as a TFT whose output and transfer characteristics were measured using an Agilent 4155 C semiconductor parameter analyzer in a light-tight probe station. The TLM structures were fabricated on highly doped ptype h100i Si (0.001-0.005 X cm) substrates with thermally grown 200 nm thick SiO 2 . The SiO 2 and highly doped Si were used as TFT gate dielectric and backgate metal, respectively. A 20 nm thick blanket channel layer of a-IZO (carrier concentration $10 17 cm
À3
) was deposited at room temperature by magnetron sputtering in a reactor with 10 cm targetsubstrate separation (dc power density of 0.22 W/cm 2 at 280 V) in 2 mTorr of Ar/O 2 gas mixture (86:14 volume fraction). The deposition rate was $2 nm/min. Then, a thin 10 nm Ag film was deposited through a shadow mask by electron beam evaporation in a vacuum of 5 Â 10 À6 Torr at room temperature. Thermal annealing was performed at 300 C for 20 min in N 2 atmosphere to obtain roughly spherical Ag nanoparticles. 12 The Ag particles were then buried at the interface by room temperature sputter deposition of 100 nm of conducting IZO (same sputtering parameters, but in pure Ar gas, yielding a carrier concentration $10 20 cm À3 ). For performance comparison, identical IZO TFT devices were fabricated (i) without any Ag NP interfacial layer and (ii) with 100 nm thick Ag contact metal. All of the fabricated structures were given a final air anneal at 300
C for 1 h to ensure a similar final carrier density in the channel.
The distribution, size, and shape of Ag NPs were determined by using scanning electron microscope (SEM) and high-resolution transmission electron microscopy (HRTEM). The deposition of 10 nm Ag followed by 300 C annealing results in the formation of discrete Ag NP spheroids as shown in the SEM plan-view ( Fig. 2(a) ) and with particle size in the 5-100 nm range distributed as shown in Fig. 2(b) . A second conducting a-IZO layer was then deposited, embedding the NPs at the interface. Cross-sectional TEM shows that the Ag particles are hemispherical caps (Fig. 3(a) ) and retain their crystalline structure (Fig. 3(b) ) after all processing steps were completed. The TLM structures used in this work allow the evaluation of both specific contact resistance and, using the Si/SiO 2 back gate, TFT device performance. The analysis started with the measurement of I D -V D curves at backgate bias V G ¼ 0-20 V in 5 V steps in the 0 < V D < 0.5 V range for each of the three sets of devices: conducting-IZO/semiconducting-IZO, conducting-IZO/ Ag-NPs/semiconducting-IZO, and 100-nm blanket Ag/ semiconducting-IZO. As shown in Fig. 4(a) , all the contacts show linear I D -V D curves at low V D , indicating Ohmic contacts formed in all three structures for all V G . Figure 4(b) shows a set of resistance R total vs. electrode separation d plots for the three sets of devices at V G ¼ 0. The intercept and slope of each line were used to estimate contact resistance (R C ) and sheet resistance (R S ), respectively, using the relation
where W ¼ 2000 lm is the electrode width. For the three sets of samples, the specific contact resistance q C was then determined from R C ¼ (R S q C ) 1/2 /W and the results are summarized as a function of V G in Fig. 4(c) . We observe that for all V G , the introduction of Ag NPs yields better contacts. In particular, at V G ¼ 0, where the carrier density n in the IZO channel is low, we find that conducting IZO contacts and planar Ag contacts have a high q C $36 and 68 X cm 2 , respectively, whereas contacts with Ag NPs at the homojunction interface exhibit a three orders of magnitude improvement in q C to 4.4 Â 10 À2 X cm 2 . The carrier density n in the a-IZO channel is an important variable that affects contact resistance. However, the estimated n in the channel of each TFT obtained from the field effect mobility values l extracted from the transfer characteristics in Fig. 5 via the relation R S Â t ¼ (nel)
À1
, where t is the channel thickness, is similar in the three sets of TFTs (at the same V G ). The TFT off current in each of the sets of devices is also similar which, again, suggests a similar channel n. As a result, the improved q C in the devices with Ag NPs in the contacts is due to the NPs themselves, rather than changes in the a-IZO channel n or mobility l.
To demonstrate the effect of using improved Ag NP-containing contacts on TFT performance, we measured 
where C ox ¼ 1.725 Â 10 À8 F/cm 2 is the oxide capacitance, l is the saturation field effect mobility, and V T is the threshold voltage. The apparent l can be derived from the slope of the (I D ) (I D ) 1/2 vs. V G slope corrected for the contact resistance (the correction is insignificant for the TFTs with Ag NP-containing contacts, but does affect the mobility extraction for the other TFTs). We find that l ¼ 27 6 2 cm 2 /VÁs for all a-IZO channels, but that the improved contacts in Figs. 5(b) and 5(e) result in higher current and better on/off ratio compared to control samples without Ag NPs in at the contact junction.
These results indicate that improved TFT performance was realized by employing Ag NPs at the electrodechannel interface to decrease q C . This is consistent with our previous work 14 that showed that high q C results in the significant underestimation of the channel mobility. 
